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y<eb silicon ribbon has recently emerged as a material for the production 
of high efficiency solar cells. Since defects introduced during grovth may 
influence locally minority carrier recombination rates, there is now a need to 
examine the defect structure in detail and to correlate it with ” electrical 
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activity”. This work describes initial observations made on web material by 
EBIC and HVEM. 

Although E3IC investigations have shown that dislocations emerging at the 

web surface enhance minority carrier recombination rates, their density is low 
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enough (typically 10 cm ) to have only a small effect on the efficiency of 
the material as a solar cell. Since a condition for dendritic web grovth is 
that the dendrites contain at least two twin boundaries it is usual to find 
that some of these boundaries extend into the web. These boundaries are formed 
parallel to the (ill) growth surface and are found to be sites of strong elec- 
trical activity. 

HVEM has been used to study the defect structure at the twin boundary. 

Two types of dislocation networks lying on different {111} planes have been 
observed, presumably corresponding to two adjacent twin boundaries. One network 
consists of an hexagonal array of twin boundary partial dislocations interacting 
with Lorn er-Cottr ell locks. The other network is made un of both nerfect and 
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partial dislocations running in the [ 2X1 3 growth direction. 


1. Introduction 

The growth cf silicon ribbons by the dendritic web process was first dis- 
cussed by Der.ts.tis sr.d Faust'l) and D'Kara and 2ennett(2; in the early IpcC's. 

The current interest ir. silicon web is due to its potential use as a substrate 
material for the economic production of high efficiency solar cells. Seideasticker 
has shown that the characteristics of solar cells fabricated from dendritic vet are 
virtually identical to tnose made from the more commonly grown Czoc'nralski materia; 

Since crystalline defects in semiconductor materials frequently affect the 
electrical properties, e.g. minority carrier lifetime, the structure ar.d electrical 
activity cf the defects in silicon veb were the subjects of the present ir.vestigati 

This report summarize * the results of a preliminary study of two v'estinchouse 
dendritic veb samples, identification numbers Vl80-3.lt C and J135-3-6. 


2. Experimental Techniques 

Optical microscopy of chemically etched specimens was used to determine dis- 
location densities. Samples were mechanically polished, then Secco(l) etched for 
approximately 5 mins. 

High voltage transmission electron microscopy (HVTEM) was used to character- 
ize the crystallographic -nature of the defects. The twin planes in veb material 
are parallel to the surface (and at or near the center of the ribbon). The web 
thickness is only M.50ym and, for this reason, it is difficult to prepare a 
specimen for TEM where the twin boundaries can be viewed end-on. Specimens for 
the present investigation were therefore thinned as symmetrically as possible from 
both surfaces with HNO :HF:HAc (5:1:1) until a hole with tapered edges was formed. 
The centrally located twin boundaries were, however, generally not contained in 
the very thin (a < 0.5vm) annulus around the hole that can be inspected by 



ccr.ventior.al \13! keY) transmission electron microscopy . The use of a high 
voltage microscope (l MeV; with its large penetrating never of several nr. 
rrovei to be essential to image the twin plane or planes at the approximate c 
:ne ribbon. 
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The electronic properties of the material were studied using a scanning 
electron microscope (SEM) operating in the E5IC mode (electron beam induced cur- 
rent). In this mode the electron beam is used to inject minority carriers which 
are collected at the specimen surface to form the Z5IC image. At regions of en- 
hanced minority carrier recombination the collected current is less than at defect 
free regions. The images at these points therefore appear dark ir. the E3IC micro- 
graphs . 

Finally, a multi-wire, real time Laue back reflection x-ray camera was used 
to determine tvinning relationships in a variety of unthinned web material. 


3. Results 

a. Web-Dendrite Geometry 

The crystallographic orientation of the web and dendrites is shown 
schematically in Figure 1. The dendrites must contain at least two planes before 
dendritic growth of a diamond lattice structure can occur(3) and, although it is 
not necessary, it is common to find some of these twin planes extending into the 
web. Both the WlS0-3.i*C and J135-3.6 webs were Laue x-rayed to determine the 
orientation relationship between opposite growth faces. Figure 2 shows an x-ray 
pattern taken with the beam striking the Wl80-3.^C web end-on. The (ill) twin 
relationship between opposite faces is evident showing that the web contains an 
odd number of twin planes. X-ray patterns from the J135-3.6 web determined that 
this sample contained an even number of twin planes. 
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&i_iccr. wee was etcr.ec tnc cpt-cu* mtcrrgrapr.!- ta.<er. at 

varicus positions across the surface. These are shown ir. Figure Z together vitr. 
a sketch cf the ve'r surface indicating the areas corresponding to the micrographs. 
Figure 3 x *) shows the relationship between position and etch-pit density. The 
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density is a?. 1C' ir. the center of the web dropping tc 'vf.iC at the edges. It 
is generally accept edvT.c' that most of the dislocations in silicon webs originate 
from highly strained regions in the dendrites, caused by liquid entrapment during 
growth. Such a region is shown in Figure 1, with the slip plane traces clearly 
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visible. The maximum of about 5. 1C dislocations per erf observed ir. Figure 3.*' 
is due tc thermal stresses generated during growth causing most of the dislocations 
to slip into the center of the web. If the stresses generated at a dislocation 
source are insufficient to promote slip, then these dislocations will remain at 
regions close to the dendrites. This explains the secondary maxima observed in 
Figure 3(j). 

Figure 5 shows an E3IC micrograph of the web surface. The dark specs on 
the micrograph are caused by enhanced minority carrier recombination at disloca- 
tions inclined to the surface. The density of electrically active defects observed 
in SBIC is the same as the etch-pit density observed ir. optical microscopy, sug- 
gesting that most, if not all, of the dislocations intersecting the web surface 
are electrically active. Solar ceils with relatively high efficiencies have been 
fabricated from silicon web containing dislocation densities of the order of 
magnitude observed in the present study(T), indicating that either the electrical 
activity associated with these defects is not strong enough to significantly detract 


from cell nerformances or that the defect densities are at a tolerable level . 



The electrical activity cf the twin boundaries v&s studied by beveling 
and polishing & specimen * JT 3 f - 3 • c at a snallov angle, l-l c , to the grower. sur- 
face. ZBIC, see Figure c, shews tnat a high density cf dislocations is concentra- 
ted at the twin boundaries and that in this region strong minority carrier recom- 
bination processes occur. It is thought that the thermal stresses generated dur- 
ing growth also cause dislocations to slip to thf* interior of the web, where the 
twin planes act as obstacles tc further slip processes. Figure 7 is an optical 
micrograph cf the same area as the ZBIC image after the specimen had been etched 
to remove the Schottky diode and delineate the defect. As in the case of disloca- 
tions at the web surface, there is a close agreement between the density cf dark 
ZBIC features in Figure 6 and the optical etch pit density in Figure 7. A direct 
correspondence between Figures 6 and 7 is not possible since the etching process 
removes several ym cf material from the surface. Both ZBIC and optical micrographs 
show that two twin boundaries exist in the web, i.e. , a microtwin, and that the 
dislocation density on one side of the microtwin is higher than cn the other. 

The fine line marked A in Figure 6 is thought to be a small angle grain 
boundary; however, this has not yet been confirmed. The width and contrast features 
are not typical of surface scratches normally visible in Z3IC micrographs and the 
contrast is probably due to the surface topology rather than to an associated 
electrical activity. Laue x-ray diffraction patterns from either side cf the 
line failed to reveal any difference in orientation, indicating that, if the ob- 
served feature is indeed a low-angle boundary, the mismatch is <1°. Similar 
features have been observed by the authors in other web specimens where they are 


Isible on the surface faces 


Figure 5 she vs ar. ZEIC micrograph taker. from silicon veh 


where the dislocations are alm ost surface parallel. The dislocations are re nr erei 
around rhe active boundary shown in the middle of the micrograph. This is probably 
a twin boundary which has been forced cut of the web during growth. The disloca- 
tions associated with it are also strongly electrically active. 

d. Defect Structure at the Twin Planes 

Previous investigators(S) identified the defect structure of twin 
boundaries in silicon web as complicated arrays of dislocations displaying <1!0> 
Burgers vectors, with the dislocation lines primarily directed along [211j and 
<110> directions. The present study has confirmed the existence of these dis- 
locations and in addition has identified two sets of misfit dislocations. Figures 
9(a) - 9(d) are HVE-I micrographs of web J135-3.6 shoving an hexagonal array of 
twin boundary dislocations imaged with different diffraction conditions. From 
contrast analysis the Burgers vectors of these dislocations were determined as be- 
ing of the <211> type. Each set can be extinguished by using the appropriate 
{220} reflection. The observed Burgers vectors are in agreement with the prediction 
of the 3ollman tneory(9), that intrinsic dislocations in coherent twin boundaries 
are Shockley partials, b = l/6<211>. These dislocations take up a small twist com- 
ponent in the (ill) twinning plane. The twin relationship could be easily verified 

lb! 

from selected area diffraction. The twist comnonent estimated from 6 « is in 

a 

the order of 0.01° and is therefore too small to be detected by electron diffraction. 
The second set of misfit dislocations. Figure 10, consists of slightly curved 
dislocations running in the [2ll] direction. They are also contained in a (ill) 
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tvin plane and take up a small tilt component. Most of these dislocations are 60° 
partials having Burgers vectors = l/6[l2l], all of the same sign of b as revealed 
by +g, -g, while others are perfect dislocations with Burgers vectors of 93° 
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the partials vere out of contrast. “'Kara and Sshvuttke, using a Large area 
s tanning oscillator technique [SOT] identified the edge and 5 ' r perfect dialcca- 
tior.s but did not resolve the cC° partials. They also reported dislocations with 
Burgers vectors [iCl ] and [llDj type lying in the . Ill . direction, a_tnougr. tr.ey 
also noted that such dislocations should not slip readily, as opposed to the ones 
reported above. 

Figure 10 also shows straight dislocations running in the <110> directions, 
and part of an hexagonal network similar to that shown in Figure ? . Stereo micro- 
graphs show that these dislocations are r.ct contained in the same {ill} plane as 
the curved dislocations and must therefore belong to another twin plane, i.e., 
the other side cf a microtwin. A strong interaction occurs between the disloca- 
tions running in the <110> directions and the network of partials. The straight 
dislocations have <110> type Burgers vectors and are edge sessile. They form 
when dislocations slipping on either (ill), (111) or (111) planes intersect 
dislocations ir. the twin planes and form Lomer sessile dislocations. O’Hara and 
Schwuttke proposed that the reaction for dislocations slipping on the (ill) plane 
would be 

\ a [Oil] + \ a [1C1] = \ a [110] 

(111) plane (111) plane Lomer dislocation 


The \ a [110] Lomer dislocations, shown in Figure 10, lying along the [llo] 
direction, can then dissociate into a Cottrell-Lomer lock by the following reaction. 
h a [110] = 1/6 a [112] + 1/6 a [110] + 1/6 a [112] . 

It is likely that the dissociated partials are responsible for the interactions 
with the hexagonal network. 


Similar reactions occur for dislocations slips ir.o on the ,111' ar.d .111 
tlanes with the resulting Loner dislocations having Burgers vectors a .111. 
and -i a [ill] and line directions [Cl I* and [ill’ respectively, vrnereas C’Hara 
and Sohvutthe identified dislocations directed along [11C[ and .LCl', the present 
investigation has identified loner dislocations lying in all three of the <11C> 
directions contained in the (ill) twin plane. 

Ir. both the etch and EBIC studies it was noted that the dislocation density 
was higher on one side of the nicrotwin than on the other. The STEM studies have 
also shown that jrost of the dislocation reactions occur or. one cf the twin planes. 
It is likely that an inhomogeneous stress distribution is present in the material 
during growth, e.g. by buckling of the web. 


4 . Conclusions 

The present study has shown that the defect structure in silicon web enhances 
minority-carrier recombination rates. The dislocations in the bulk of the material 
are electrically active. Empirically it is known that this activity does not 
significantly reduce the characteristics of solar cells. Since complete devices 
have not yet been investigated it is not known if the defect density is simply 
too low or if annealing reduces the electrical activity of dislocations(lO) . The 
surface parallel twin boundaries typical cf this material are associated with a high 
density of dislocations. EBIC shows that these dislocations are sites of high 
minority carrier recombination and a reduction in solar cell efficiency is there- 
fore expected when twin boundaries lie in the active region of a solar cell. 

The defect structure of the twin planes has been investigated using HVEK, end 
several dislocation-types not previously reported in this material have been identified. 
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9- HvTEM micrographs of a dislocation network. g: diffraction vector. 
10. HVTEM micrographs (see text for details). 
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